Objectives: The pterocarpanquinone LQB-118, previously demonstrated to be effective in vivo via oral delivery, was investigated for its mechanism in selective parasite killing.
Introduction
Apoptosis, which was the first form of programmed cell death (PCD) described, 1 is fundamental to morphogenesis and homeostasis during metazoan development, and it has been reported in various unicellular organisms, including Leishmania. 2 -4 Protozoan parasites of the genus Leishmania are obligatory intracellular trypanosomatids that reside mainly in mononuclear phagocytes and cause a wide spectrum of clinical manifestations resulting in substantial morbidity and mortality in an estimated 12 million people worldwide. 5 Apoptotic changes have been reported for mediating the leishmanicidal action of miltefosine, 6 amphotericin B, 7 camptothecin, 8 Aloe vera leaf exudates, 9 artemisinin, 10 racemoside A, 11 withaferin A 12 and curcumin. 13 Furthermore, several agents or conditions known to induce apoptosis in higher eukaryotes were found to cause apoptotic changes in Leishmania, including hydrogen peroxide, 13 nutrient deprivation, 7 staurosporine 14 and serum removal. 15 The apoptotic pathway observed in unicellular organisms may share some similarities with the PCD process in multicellular organisms; however, in most of the trypanosomatids studies, not all of the criteria defined in mammalian systems are present. 16, 17 Nevertheless, mitochondria play a central role in this process because signals generated by various death-promoting agents trigger the release of proapoptotic factors accompanied by disruption of the mitochondrial membrane potential (DC m ). 18 Unlike in mammalian cells, trypanosomatids have a single mitochondrion, making this organelle an attractive target for chemotherapy. Some apoptosis inducers, such as dyospirin, 19 camptothecin 8 and curcumin, 13 cause changes in the DC m of these parasites, followed by the excessive production of reactive oxygen species (ROS), release of cytochrome c into the cytosol and DNA fragmentation.
Recently, we designed and synthesized a new series of compounds via the molecular hybridization of naphthoquinones (such as naturally occurring lapachol) with pterocarpans (naturally occurring isoflavonoids). These hybrid pterocarpanquinones displayed in vitro antineoplastic and antiparasitic activities. 20 -22 LQB-118 was the most promising compound identified from this series and was demonstrated to be orally available for the control of lesions in Leishmania amazonensis-infected BALB/c mice. 23 In the present study, we determined the mechanism of cell death induced by LQB-118 in L. amazonensis. We observed that LQB-118 promotes apoptosis in L. amazonensis promastigotes through the formation of ROS, which cause oxidative stress, mitochondrial membrane depolarization and DNA fragmentation. Moreover, intracellular amastigotes treated with LQB-118 demonstrated DNA nicking, suggesting that the mammalian form of the parasite also undergoes selective apoptosis.
Materials and methods

Chemicals
LQB-118 (Figure 1 , inset) was designed and synthesized in the Laboratory of Bioorganic Chemistry at the Nú cleo de Pesquisas de Produtos Naturais, Universidade Federal do Rio de Janeiro, Brazil. The compound was prepared in two steps from commercially available lawsone and ortho-iodophenol, as previously described. 24 The purity of the LQB-118 was calculated to be 96.3% by HPLC. For the assays, LQB-118 was solubilized in 0.02% DMSO (Sigma-Aldrich, St Louis, MO, USA). All controls were incubated with the same DMSO concentration. Camptothecin, curcumin and staurosporine were commercially acquired (Sigma-Aldrich).
Parasites
For the assays, L. amazonensis (MHOM/BR/77/LTB0016 strain) was maintained as promastigotes at 268C in Schneider's insect medium (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal calf serum (HIFCS), 100 mg/mL streptomycin and 100 U/mL penicillin.
Antipromastigote activity
L. amazonensis promastigotes were cultivated in Schneider's insect medium supplemented with 10% HIFCS as above, in either the absence or presence of different concentrations of LQB-118 (1.25, 2.5, 5 and 10 mM). The culture was initiated with 1.0×10 6 cells/mL and maintained at 268C for 72 h. The viable cells were estimated by counting in a Neubauer chamber after 24, 48 and 72 h of incubation. The 50% inhibitory concentration (IC 50 ) was determined by logarithmic regression analysis using GraphPrism 5 software.
Measurement of ROS
Intracellular ROS levels were measured in treated and untreated cells as described previously. 25 Briefly, promastigotes of L. amazonensis were cultured in Schneider's insect medium supplemented with 10% HIFCS and incubated at 268C in concentrations of LQB-118 ranging from 0 to 10.0 mM. After 24 h, the cultures were washed three times and the parasite concentration was adjusted to 1×10 7 cells in 200 mL of PBS. Then, 20 mM of 2 ′ ,7 ′ -dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Molecular Probes, Eugene, OR, USA) was added, and the samples were incubated for 30 min under dark conditions. The fluorescence was monitored using a Spectra Max GEMINI XPS spectrofluorometer (Molecular Devices, Silicon Valley, CA, USA) at excitation and emission wavelengths of 507 and 530 nm, respectively. A similar protocol was used to evaluate the kinetics of ROS production. Briefly, 1×10
7 promastigotes/mL of L. amazonensis were incubated with LQB-118 (0-10.0 mM) in the presence of 20 mM H 2 DCFDA in Schneider's insect medium supplemented with 10% HIFCS. The fluorescence was quantified at 1 h intervals for 4 h using 507 and 530 nm as excitation and emission wavelengths, respectively.
Transmission electron microscopy (TEM)
Promastigotes were treated with 0, 2.5, 5 or 10 mM LQB-118 for 72 h, washed and fixed in phosphate-buffered 1% paraformaldehyde and 1% glutaraldehyde (pH 7.3) overnight at 48C. After fixing, the cell suspensions were washed in the same buffer, embedded in molten 2% agar (Merck, Darmstad, Germany) and post-fixed in a mixture of 1% phosphate-buffered osmium tetroxide and 1.5% potassium ferrocyanide for 1 h prior to dehydration in a graded ethanol series and infiltration and embedding in a propylene oxide-Epon sequence (PolyBed 812, Polysciences, Warrington, PA, USA). Thin sections were cut using a diamond knife on an ultramicrotome (Sorvall MT2, Newton, MA, USA) and mounted on uncoated, 200-mesh copper grids (Ted Pella, Redding, CA, USA) before staining with uranyl acetate and lead citrate. The samples were viewed using a TEM (EM 10, Zeiss, Germany) at 60 kV.
Morphological quantitative analysis
In addition to qualitative observations, quantitative studies were performed using electron micrographs. The number of apoptosis-like alterations was determined in the section views of different promastigotes. A total of 78 cells were analysed, and both mitochondrial and nuclear alterations were quantified. The results were expressed as the percentage of altered cells for each group.
DC m
To determine the effect of LQB-118 on the DC m , promastigotes of L. amazonensis (5×10 6 cells/mL) were cultured in the presence of 0, 2.5, 5 or 10 mM LQB-118 at 268C. After 48 h, the parasites were incubated for 15 min with 30 mg/mL propidium iodide (PI) and 10 mg/mL rhodamine 123 (Rh123; Sigma-Aldrich). Data acquisition and analysis were performed using a FACSCalibur flow cytometer (Becton-Dickinson, Rutherford, NJ, USA). Alteration in DC m was quantified using an index of variation (IV) obtained by the equation IV¼(M T 2M C )/M C , where M T is the median of Ribeiro et al.
the fluorescence of Rh123 for treated parasites and M C is the median of the fluorescence of the control parasites. Negative IV values correspond to depolarization of the mitochondrial membrane. 26 Additionally, parasite DC m was also analysed using two other fluorescent dyes: JC-1 (Sigma-Aldrich) and MitoCapture (Biovision, Mountain View, CA, USA). Promastigotes treated with LQB-118 were harvested, resuspended in Hanks balanced salt solution (HBSS) and incubated with JC-1 (10 mg/mL) or MitoCapture (0.1%) for 20 min at 268C. JC-1 and MitoCapture are cell-permeable dyes that form aggregates and emit red fluorescence in functional mitochondria. Otherwise the dyes remain in the cytoplasm and emit green fluorescence. For the JC-1 assay, after washing the parasites twice with HBSS, fluorescence was measured spectrofluorometrically at both 530 and 590 nm using 485 nm as the excitation wavelength. The ratio between red and green fluorescence (i.e. 590/530 nm) determined the DC m . 27 In parallel, cells stained with MitoCapture were mounted on slides and visualized by fluorescence microscopy using a dual band-pass filter.
ATP content determination
Intracellular ATP concentration was measured in treated and untreated cells using a CellTiter-Glo luminescent assay (Promega), which generates a signal proportional to the ATP amount. Briefly, promastigotes of L. amazonensis were cultured in Schneider's insect medium supplemented with 10% HIFCS and incubated at 268C in the absence or presence of LQB-118 (1.25, 2.5, 5 or 10 mM), rotenone (10 or 100 mM) or potassium cyanide (KCN) (10 or 100 mM). After 48 h, the cultures were washed three times and the parasite concentration was adjusted to 1×10 7 cells in 200 mL of PBS. A 50 mL aliquot of each sample was transferred to a 96-well plate, mixed with the same volume of CellTiter-Glo and incubated in the dark for 10 min, and the bioluminescence was measured using a GloMax w -Multi Microplate Multimode Reader (Promega). ATP concentrations were calculated from the ATP standard curve, and cellular ATP levels were expressed as nmol/10 7 cells.
Cell cycle analysis
For cell cycle analysis, 1×10 6 promastigotes were incubated with LQB-118 (0, 2.5, 5 or 10 mM) for 24 h. At the end of the incubation, the cells were washed twice with PBS and centrifuged, and 1 mL of cold 70% ethanol was added. The cells were then incubated for 1 h at 2208C. After centrifugation, the pellet was resuspended in 1 mL of RNase A (200 mg/mL) and stored at 378C. After 1 h, the cells were stained with 40 mg/mL PI for 20 min at room temperature. The percentage of cells in each stage of the cell cycle was determined using a FACSCalibur flow cytometer by counting 1×10 4 cells and analysing using Cellquest software (Becton-Dickinson, France).
Detection of DNA fragmentation
DNA fragmentation in promastigotes was analysed by cytofluorometry using a terminal deoxyribonucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) apoptosis detection system (Promega, Madison, WI, USA), according to the manufacturer's recommendations. Briefly, 5×10 6 promastigotes were collected after a 48 h treatment with 0, 2.5, 5 or 10 mM LQB-118, washed twice with PBS and fixed with fixation/permeabilization solution (eBioscience, San Diego, CA, USA) for 10 min at 258C. The fixed cells were incubated with TdT reaction mixture containing FITC-labelled dUTP for 1 h at 268C. Cells were washed and resuspended in 0.5 mL of PBS (pH 7.4) containing 0.5 mg/mL PI (BD Biosciences) before analysing using an FACSCalibur flow cytometer.
DNA fragmentation in intracellular amastigotes was analysed by fluorescence microscopy using the In Situ Cell Death Detection Kit (Roche, Indianapolis, IN, USA). Resident peritoneal macrophages from BALB/c mice were plated in RPMI (Sigma-Aldrich) at a density of 2×10 6 cells/mL (0.4 mL/well) in Lab-Tek 8-chamber slides (Nunc, Roskilde, Denmark) and incubated at 378C in 5% CO 2 for 1 h. Stationaryphase L. amazonensis were added at a 3 :1 parasite/macrophage ratio, and the cultures were incubated for an additional 3 h. The resulting monolayers were washed three times with pre-warmed PBS to remove the free parasites and non-adhered cells. Then, 0.4 mL of LQB-118 diluted in medium to different concentrations (0, 2.5, 5 or 10 mM) was added prior to incubating for an additional 72 h. Next, the slides were stained using the In Situ Cell Death Detection Kit and examined using fluorescence microscopy.
Results
In vitro activity of LQB-118 is time and concentration dependent
Initially we investigated the influence of the time of interaction with LQB-118 on the viability of promastigotes of L. amazonensis. We found an inverse correlation between the time of incubation and the LQB-118 concentration. For shorter times, higher concentrations are necessary to obtain a similar effect (Figure 1a) . The calculated IC 50 for each time is indicated in Figure 1 
LQB-118 induces oxidative stress in L. amazonensis promastigotes
Quinones are well known to induce the generation of ROS in certain biological systems. 28 Therefore, to investigate whether LQB-118 acts similarly in Leishmania, we probed both control and treated promastigotes with the fluorogenic ROS indicator H 2 DCFDA. In the early hours of treatment, LQB-118 induced dose-dependent generation of ROS in the parasites, triggering oxidative stress (Figure 2a) . The LQB-118-induced ROS production is sustained and dose dependent even after 24 h of treatment (Figure 2b ), although at lower levels, suggesting a major role during the initial hours of interaction.
LQB-118 induces morphological alterations typical of apoptosis in L. amazonensis
The promastigotes of L. amazonensis treated with LQB-118 revealed notable ultrastructural changes compared with control cells (Figure 3) . When the parasites were incubated with 2.5 mM LQB-118 for 72 h, notable damage was observed in the Golgi complex (Figure 3b, inset) , which became disarranged when compared with the control (Figure 3a, inset) . When the parasites were incubated with 10 mM of the compound, promastigotes displayed a rounded morphology (Figure 3c and d) , and several changes were detected (Figure 3c -e) . Parasites displayed swollen and enlarged mitochondria with dilated crypts (Figure 3c) . Moreover, the heterochromatin was condensed in electron-dense clusters (Figure 3d) , and rarefaction of cytoplasm was observed (Figure 3c and d) . A disarrangement and vesiculation of the flagellar pocket was also observed (data not shown). Despite this severe cell damage, there was no plasma membrane disruption, although membrane blebbing did occur (Figure 3e ). Quantitative analyses revealed that almost all of the cells treated with 10 mM LQB-118 presented nuclear and mitochondrial alterations (Figure 3f ). These alterations provide morphological evidence of parasite apoptosis in cells treated with LQB-118.
LQB-118 induces depolarization of DC m in L. amazonensis promastigotes
The mitochondrial function of the parasites was first evaluated using the fluorescent probe Rh123 by flow cytometry. Histograms of total Rh123 fluorescence revealed that LQB-118 collapsed the parasite DC m . Reduction in DC m was observed in 18.7% -70.7% of the cells treated with LQB-118 at concentrations ranging from 2.5 to 10 mM (Figure 4a ). Miltefosine and staurosporine were used for comparison and decreased DC m in 35.0% and 22.2% of the cells, respectively. Calculation of the IV confirmed the dose-dependent reduction of the DC m (Figure 4b ). PI fluorescence was not observed, indicating that the loss of Rh123 fluorescence was not due to cell death by necrosis (data not shown). LQB-118 did not induce a reduction in the DC m in macrophages treated with LQB-118 using the same concentrations (data not shown).
Analyses performed using the JC-1 dye corroborate the results obtained using Rh123. Fluorometric data presented in Figure 4 (c) illustrate a marked decrease in relative fluorescence intensity, indicating depolarization of the DC m in promastigotes following treatment with 2.5 mM (10% inhibition), 5 mM (55% inhibition) or 10 mM (80% inhibition) LQB-118. Similarly, a decrease in DC m values was also observed following treatment with 25 mM curcumin (33% inhibition), 50 mM camptothecin (41%) or 4 mM staurosporine (67%).
Depolarization of DC m was also visualized by confocal microscopy after labelling with MitoCapture. MitoCapture accumulated in control cells as a spotted orange fluorescence, corresponding to the unique mitochondrion of the parasite ( Figure S1 , left-hand panel; available as Supplementary data at JAC Online). In contrast, MitoCapture was dispersed throughout the cytoplasm and displayed green fluorescence in the 5 mM LQB-118-treated cells after a 48 h incubation ( Figure S1 , right-hand panel; available as Supplementary data at JAC Online). LQB-118 induces DNA fragmentation in both promastigotes and intracellular amastigotes of L. amazonensis
After LQB-118 treatment of promastigotes and infected macrophages, the occurrence of DNA nicking in the parasite was analysed using the TUNEL assay and fluorescence microscopy, respectively. While only a few TUNEL-positive promastigotes were identified in the untreated cultures, the percentage of positive cells increased substantially following treatment with LQB-118 at concentrations ranging from 2.5 to 10 mM (Figure 7a ), thus confirming DNA fragmentation.
To evaluate the selectivity of LQB-118 on the parasite and to extend our findings to the amastigote forms, peritoneal macrophages were infected with L. amazonensis and incubated with LQB-118 for 72 h. TUNEL assays revealed that 2.5 mM LQB-118 selectively induces DNA degradation in the amastigotes without affecting macrophage DNA (Figure 7b ). This phenomenon was dose dependent in a concentration range from 1.25 to 10 mM LQB-118 (data not shown).
Discussion
In the drug discovery process for parasitic/infectious diseases, the approach of testing live parasites rather than isolated targets is useful to evaluate the direct efficacy of a drug; however, because of the organism's complexity, it is challenging to elucidate the mechanism of action. Previously, we demonstrated the activity of LQB-118 on controlling lesions and reducing parasitic burden in experimental cutaneous leishmaniasis. 23 In the present study, we provide the first insights into the mechanism of cell death induced by LQB-118 in L. amazonensis.
Mitochondria play a central role in cell life and death 29 because they are important cellular sources of ROS. 30 Furthermore, trypanosomatids only have one mitochondrion, making this organelle a potential drug target. We report that LQB-118 induces ROS production in L. amazonensis promastigotes during the first hours of incubation, suggesting this event is one of the triggers of parasite death. This oxidative stress is followed by a loss of DC m . Excessive ROS production has been reported as a common starting point in triggering PCD. 8, 31, 32 Our results are in accord with Fry and Pudney 33 and Srivastava et al., 34 who previously demonstrated that atovaquone, which is a quinone, inhibits respiration and dissipates DC m in Plasmodium. Recently, Menna-Barreto et al. 26 described similar findings with naphthofuranquinones in Trypanosoma cruzi. These compounds were active against the intracellular amastigotes of T. cruzi and abrogated the DC m of the parasites. The authors also demonstrated that naphthofuranquinones specifically inhibit mitochondrial complexes I -III in both epimastigotes and trypomastigotes. In general, quinones have intrinsic electron acceptor properties, and they may participate in oxidation-reduction reactions in the mitochondria similar to ubiquinone. This feature could be partially responsible for some of the microbicidal activities of this class of compounds. We also noted that the lack of the motive force for mitochondrial ATP synthesis, represented by dissipation of DC m , caused depletion of the cellular ATP content in LQB-118-treated promastigotes. The lower ATP level could generate a global breakdown in the parasite metabolism, as well as play a role in the apoptotic process. 35 DNA fragmentation and sub-G 0 /G 1 populations, both hallmarks of classic apoptosis, were observed in the parasites in a concentration-dependent manner during LQB-118 exposure. LQB-118-induced apoptotic cells did not undergo any major change in membrane permeability even after prolonged incubation (72 h). It is worth noting that in parallel experiments in macrophages, LQB-118 did not trigger loss of DC m or DNA fragmentation. In addition, LQB-118 was able to induce DNA laddering in intracellular amastigotes without interfering with the host cell nuclei. By TEM, we observed typical features of apoptosis in LQB-118-treated cells, supporting the activation of 
